Abstract. Glutamate is the major excitatory neurotransmitter in the mammalian CNS. The spatiotemporal profile of the glutamate concentration in the synapse is critical for excitatory synaptic signalling. The control of this spatiotemporal concentration profile requires the presence of large numbers of synaptically localized glutamate transporters that remove pre-synaptically released glutamate by uptake into neurons and adjacent glia cells. These glutamate transporters are electrogenic and utilize energy stored in the transmembrane potential and the Na + /K + -ion concentration gradients to accumulate glutamate in the cell. This review focuses on the kinetic and electrogenic properties of glutamate transporters, as well as on the molecular mechanism of transport. Recent results are discussed that demonstrate the multistep nature of the transporter reaction cycle. Results from pre-steady-state kinetic experiments suggest that at least four of the individual transporter reaction steps are electrogenic, including reactions associated with the glutamate-dependent transporter halfcycle. Furthermore, the kinetic similarities and differences between some of the glutamate transporter subtypes and splice variants are discussed. A molecular mechanism of glutamate transport is presented that accounts for most of the available kinetic data. Finally, we discuss how synaptic glutamate transporters impact on glutamate receptor activity and how transporters may shape excitatory synaptic transmission.
Introduction

Glutamate in the CNS
In the mammalian central nervous system (CNS), L-glutamate is the chemical transmitter of excitatory signals (Curtis & Watkins, 1960; Curtis & Johnston, 1974; Fonnum, 1984) . Glutamate is synthesized and stored in glutamatergic neurons and is released upon specific stimuli (e.g., action potentials) into the synaptic cleft. The cycle of neurotransmission is initiated by the fusion of neurotransmitter-loaded synaptic vesicles with the plasma membrane of the pre-synaptic neuron. Within less than a millisecond, glutamate diffuses across the synaptic cleft and binds to different classes of glutamate receptors, which are localized pre-and post-synaptically as well as on astroglial processes (Sontheimer et al., 1988; Backus, Kettenmann & Schachner, 1989; Glaum, Holzwarth & Miller, 1990; Nakanishi & Masu, 1994) . The chemical signal is converted into an electrical signal by the transient opening of ligand-gated ion channels. This is achieved either directly by ionotropic glutamate receptors or indirectly by metabotropic glutamate receptors, which modulate ion channel activity by second messenger systems (Nakanishi & Masu, 1994) . As a result, the chemical signal is integrated and transformed into an electrical signal, which results in the transmission of information from one neuron to another. These steps are summarized as glutamatergic neurotransmission of the CNS. Interestingly, the hypothesis of glutamatergic transmission was a subject of extended discussions in the 1960Õs, which became initially accepted in the 1970Õs following the finding of some specific glutamate antagonists and, most importantly, by the discovery of glutamate uptake in the CNS (Logan & Snyder, 1971; Wofsey, Kuhar & Snyder, 1971; Balcar & Johnston, 1972; Neal & White, 1973; Biscoe et al., 1977; Evans & Watkins, 1978) . Rapid removal of glutamate from the synaptic cleft is nowadays accepted as an essential step in neurotransmission. The purpose of glutamate uptake is not only to avoid uncontrolled and persistent activation and, thus, damage to secondary neurons, but also to achieve physiological conditions for sustained neuronal signal transmission. Transmitter accumulated in the cytoplasm of pre-synaptic cells is sequestered in synaptic vesicles, ready for a new cycle of neurotransmission (Fig. 1) . In contrast, glutamate taken up by glial cells passes through the glutamateglutamine cycle (Hertz, 1979; Derouiche & Rauen, 1995; Rauen & Wiessner, 2000) . In this case, glutamate is converted into glutamine by the glia-specific enzyme glutamine-synthetase. Glutamine is then released into the extracellular space and subsequently taken up by glutamatergic neurons for a new cycle of transmitter synthesis (Fig. 1) . Both neuronal and glial glutamate uptake systems are capable of transporting glutamate against a several thousand-fold concentration gradient into the cell (Gegelashvili et al., 2001) .
Considering the ubiquitous presence of glutamate in the CNS, it is not surprising that malfunction of glutamatergic transmission is related to numerous neurological diseases and psychiatric disorders. At sustained elevated extracellular concentrations (downregulated glutamate uptake activity), glutamate acts as a powerful neurotoxin capable of inducing severe excitotoxic damage to target neurons, a mechanism possibly implicated in several neurodegenerative diseases (e.g., amyotrophic lateral sclerosis (ALS), HuntingtonÕs disease, and AlzheimerÕs disease) and brain insults (e.g., ischemia, hypoxia, hypoglycemia, epilepsy). In contrast, low concentrations (upregulated glutamate uptake activity) are implicated in schizophrenia (Carlsson & Carlsson, 1990; Choi, 1992; Rothstein, 1995; Ingram et al., 2000; Behrens et al., 2002; Su et al., 2003) . Traditionally, the targets for drugs that interfere with neurotransmission are the receptors that are responsible for the generation of the electrical signal in postsynaptic neurons. In this review, we are aiming at a new and different target in the system: the neurotransmitter transporters that are responsible for the (re)-uptake of the neurotransmitter from the synapse into neuronal cells or surrounding glial cells. The activity of these transporters is assumed to be essential for the temporal and spatial regulation of the neurotransmitter concentration in the synaptic cleft and, thus, is crucial for proper neuronal signalling.
The Sodium-and Potassium-dependent Glutamate Transporter Gene Family
The biology of glutamate transporters experienced a tremendous boost in the early nineties by the almost simultaneous cloning of the first three eukaryotic glutamate transporters: GLAST1 (Glutamate Aspartate Transporter 1, (Storck et al., 1992) and GLT1 (Glutamate Transporter 1, (Pines et al., 1992) from rat brain, and EAAC1 (Excitatory Amino Acid Carrier 1, (Kanai & Hediger, 1992 ) from rabbit small intestine. With the cloning of the human homologues of these three glutamate transporter subtypes, Arriza et al. (1994) suggested a standardized nomenclature, using the acronym EAAT (Excitatory Amino Acid Transporter). Based on sequence similarities, EAAT1 is the human homologue of GLAST1, EAAT2 of GLT1, and EAAT3 of EAAC1. Using homology- . Distribution and function of EAA transporters at the synapse during a synaptic event. Glutamate (circles) binding to glutamate receptors (GluR) mediates the signal to postsynaptic neurons. Rapid removal of glutamate from the synaptic cleft is achieved by glutamate transporters which are located in glial cells and neurons. Once glutamate is transported into the cells (solid arrows), it can be sequestered in the presynaptic neuron in synaptic vesicles, ready for a new cycle of neurotransmission (solid arrow in the presynapse) or, in glial cells, it is degraded by the glia-specific enzyme glutamine-synthetase (GS) to glutamine (Gln), which is released into the extracellular space, and subsequently taken up by glutamatergic neurons for a new cycle of transmitter synthesis (broken arrows; PAG: phosphateactivated glutaminase).
screening strategies resulted not only in the identification of two additional human high-affinity glutamate transporters (EAAT4 from cerebellum and EAAT5 from the retina (Fairman et al., 1995; Arriza et al., 1997) ), but, remarkably, also in the isolation of two neutral amino-acid transporters, namely ASCT1 and ASCT2 (Alanine Serine Cysteine Transporter 1 and 2; Arriza et al., 1993; Shafqat et al., 1993; Broer et al., 1999) . The five different glutamate transporter subtypes show a high degree of interspecies conservation (for reviews see : Slotboom, Konings & Lolkema, 1999a; Danbolt, 2001 ), but share no significant homology with the family of sodium-and chloridedependent neurotransmitter transporters (such as for GABA, glycine, dopamine, serotonin, noradrenalin, proline and taurine), nor do they exhibit any significant homology with any other known protein family. Thus, the diverse glutamate transporter subtypes together with the carriers for neutral amino acids (ASCT1 and ASCT2), as well as the proton-dependent bacterial glutamate and dicarboxylate transporters belong to the same gene-family (reviewed in: Slotboom et al., 1999a; Danbolt, 2001 ). In addition, there is evidence for additional variants of these glutamate transporter subtypes that arise through alternate mRNA splicing. Huggett et al. (Huggett, Vaughan-Thomas & Mason, 2000) recently discovered a splice variant of GLAST1 (termed GLAST1a), which lacks exon 3. This splice variant appears to be expressed in rat bone and brain. GLT1 (EAAT2), however, appears to exist as a number of distinct splice variants. The original splicing was described in rat by Pines et al. (1992) . Subsequently, Utsunomiya-Tate and colleagues (Utsunomiya-Tate, Endou & Kanai, 1997) described in mouse not only the murine mGLT1 sequence homologous to EAAT2, but also two additional splice variants, mGLT1A and mGLT1B (Fig. 2) . These differed from the originally described versions in that the amino-(N) terminus of mGLT1 contained the amino-acid sequence MASTEGA, whereas both mGLT1A and mGLT1B contained a short alternately spliced amino-(N)-terminal region (MVSA). In addition, mGLT1B contained an alternately spliced carboxyl-(C)-terminal region (Fig. 2) . Recently, Schmitt et al. (Schmitt et al., 2002 ) described a hybrid GLT1 splice variant in rat, which possessed the C-terminal splicing of mGLT1B, but retained the original GLT1 Nterminal region (Fig. 2) . They identified this as GLT1v (variant). A similar splice variant was identified by Chen and colleagues (Chen et al., 2002) in rat and referred to as GLT1b. Sullivan et al. (2004) concluded in their study that GLT1v, in contrast to GLT1, may not be involved in shaping the kinetics of synaptic signalling in the brain, but may be critical in preventing spillover of glutamate between adjacent synapses, thereby regulating intersynaptic glutamatergic and GABAergic transmission. In a recent study, Rauen et al. have identified a novel GLT1 splicing variant called GLT1c, which is expressed presynaptically at photoreceptor terminals and has been implied to be the ''missing'' pre-synaptic photoreceptor glutamate transporter . GLT1c is found predominantly in rat and human retinal tissue, faintly in cortex and cerebellum, while no product is found in liver, suggesting expression of GLT1c mainly in CNS tissue. The final 23 C-terminal amino acids encoding for GLT1 (Pines et al., 1992) are replaced by 11 amino acids for GLT1c, indicating that 561 amino acids encode GLT1c with a theoretical molecular mass of 60.5 kDa, while 573 amino acids encode for GLT1 (Fig. 2) . The carboxy terminal amino-acid sequence of GLT1c -SWV -suggests a class-I PDZ binding motif . A class-I PDZ binding motif requires the carboxy terminal sequence (T/S)XV where either serine or threonine are permitted in position 1, any other amino acid residue could substitute in position 2 (X), and valine or a hydrophobic side chain must be present at the carboxy-terminal position (Fanning & Anderson, 1999) . Interestingly, EAAT5 (Arriza et al., 1997) and GLT1v (Schmitt et al., 2002) contain similar putative C-terminal PDZ binding motifs. The most general function of PDZ domains may be in spatially clustering and anchoring their ligands within specific subcellular domains. Although no direct experi- mental evidence currently indicates protein-protein interaction of glutamate transporters with PDZ-domains, the observations that EAAC1, GLT1, GLAST1 and EAAT4 form clusters and are capable of rapid trafficking to and from the plasma membrane further supports the concept that they are connected to other proteins (Davis et al., 1998; Duan et al., 1999; Gegelashvili et al., 2000; Poitry-Yamate, Vutskits & Rauen, 2002) .
Topology: Structural Characteristics of Electrogenic Glutamate Transporters
Our present understanding of the glutamate transporter structure is restricted to topological models. Two such models have recently been proposed, one by S. Amara and colleagues (Seal & Amara, 1998; Seal, Leighton & Amara, 2000) and one by the Kanner and Lolkema groups (Slotboom et al., 1999b; Grunewald & Kanner, 2000; Slotboom, Konings & Lolkema, 2001 ). The latter model is shown in Fig. 3A . Both models predict the N-terminus on the intracellular side, six N-terminal transmembrane domains (TMD), and an intracellular C-terminus. The two proposals disagree on the topology of the Cterminal part of the polypeptide sequence. In the model shown in Fig. 3A , there are two pore loop-like structures included (RL = re-entrant loop), one of which dips into the membrane from the intracellular side (RL1, between TMD6 and TMD7, see Fig. 3A ) and one from the extracellular side (RL2, between TMD7 and TMD8). It has been proposed that these re-entrant loop sequences, in analogy with ion channels of known structure (Doyle et al., 1998; Dutzler et al., 2002) , are an essential structural element for the permeation of the neurotransmitter and/ or the co-transported cations. The model proposed by the Amara group assigns an extracellular re-entrant loop to TMD7 and a transmembrane helix to RL1 (Seal & Amara, 1998; Seal et al., 2000; Leighton et al., 2002) . Another similarity to ion channels is the proposed multimeric structure of the transporter. The functional EAAC1 protein was demonstrated to be a pentamer .
While this manuscript was under review, the three-dimensional structure of a glutamate transporter homologue from the thermophilic bacterium Pyrococcus horikoshii was reported (Yernool et al., 2004) . The transporter is assembled as a trimer of identical subunits. A side view of two of the three subunits is shown in Fig. 3C . The structure confirms one of the two topological models with two re-entrant loops proposed by the Kanner and Lolkema groups, as shown in Fig. 3A (Slotboom et al., 1999b (Slotboom et al., , 2001 Grunewald & Kanner, 2000) . It also confirms that the functionally important part of the glutamate transporter is localized in the C-terminal part starting from RL1. The structure provides no information on the locations of the binding sites for the co-and counter-transported ions. Although the transported substrate, glutamate, is not well resolved at the resolution of 3.8 Å , electron density that probably accounts for bound glutamate was found between RL1 and RL2 and close to TMD8 (wire mesh shown in the left subunit of Fig. 3C ). This glutamate binding position agrees well with data obtained from previous mutagenesis studies (Bendahan et al., 2000) , and is, surprisingly, localized very close to the extracellular surface of the transporter, and not buried deep within the membrane. Although Yernool et al. (2004) propose an alternating access model, in which the two reentrant loops form the extracellular and intracellular gates that can open alternately to expose the glutamate binding site either to the extracellular side or to the cytoplasm, it is not yet clear how glutamate might dissociate from its binding site close to the extracellular side of the protein into the cytoplasm (Fig. 3C , dashed arrow). This dissociation would require diffusion of glutamate through the major part of the hydrophobic transmembrane interior of the protein.
Another possible mechanism that would deviate from the classical alternating access hypothesis would be that the C-terminal part of the protein, which is shielded from the lipid bilayer by a barrel formed by the N-terminus (shown in Fig. 3D , right subunit), could act as a hydrophobic ion that moves glutamate across the membrane in a carrier-type motion. Differentiation between these possibilities clearly requires further experimentation.
Stoichiometry and Electrophysiological Properties of Glutamate Transporters
The glutamate transporter belongs to the class of secondary-active, Na + -dependent transporters (Kanner & Schuldiner, 1987; Danbolt, 2001) . In contrast to primary-active transporters, which use metabolic energy sources such as ATP directly for ''uphill'' transport (La¨uger et al., 1981) , secondary-active Na + -dependent transporters are energized by the coupling of ''uphill'' substrate transport to the co-transport of Na + down its own transmembrane concentration gradient (Crane, 1962; Kanner & Sharon, 1978; Kanai & Hediger, 1992) , which is maintained by the Na + /K + -ATPase. In the case of the glutamate transporter, the stoichiometry of this coupling is movement of 1 glutamate ) , 3 Na + , and 1 H + into the cell, along with 1 K + out of the cell (Kanner & Bendahan, 1982; Zerangue & Kavanaugh, 1996a; Levy, Warr & Attwell, 1998) , as illustrated in Fig. 3B . According to this stoichiometry, glutamate transport is electrogenic (Kanai et al., 1995) , as two net positive charges are moved into the cell for each completed transport Grunewald and Kanner (2000) . The empty circles depict some of the functionally important amino-acid residues that have been identified by using site-directed mutagenesis. The filled circles represent amino acids that have been used for topology determination (Grunewald & Kanner, 1995; Slotboom et al., 1999b Slotboom et al., , 2001 Grunewald & Kanner, 2000) . ( cycle. Electrogenic transport is associated with the flow of current (Brew & Attwell, 1987) , which will be referred to here as transport current (see Table 1 ). This current is also sometimes termed coupled transport-or uptake current to indicate that it is associated with the charge movement that is stoichiometrically coupled to glutamate transport. Recording of the transport current represents a highly sensitive functional assay for glutamate transporter function, although it is technically not a trivial task. Because of the small turnover number of the glutamate transporter (30 s )1 at 0 mV), about 10 5 transporter molecules are necessary to generate the same steady-state current as a typical ion channel with a single-channel current of 1 pA.
In addition to this transport current, the transporters also facilitate anion flux across the membrane (Wadiche, Amara & Kavanaugh, 1995a; Eliasof & Jahr, 1996) , as shown in Fig. 3B . Anion flux is associated with a current that will be referred to as anion current. This anion current is kinetically, but not stoichiometrically coupled to glutamate transport (Billups, Rossi & Attwell, 1996; Otis & Jahr, 1998; Grewer et al., 2000) . Therefore, it is sometimes referred to as uncoupled anion current. This anion current is stimulated by the binding of transported substrates and/or Na + ions to the transporter. The mechanistic basis of this anion current is described in more detail below (section Glutamate Transporterassociated Anion Conductance).
Finally, glutamate transporters catalyze the leak flux of ions across the membrane (Kanai et al., 1995; Otis & Jahr, 1998; Melzer, Biela & Fahlke, 2003; Borre & Kanner, 2004) . Leak flux occurs already in the absence of the transported substrate. Two components of the leak ion flux have been identified, one being specific for monovalent cations (Kanai et al., 1995; Vandenberg et al., 1995) , and the other being specific for anions. The anion component of the leak conductance can be inhibited by applying non-transportable inhibitors to the glutamate transporter (Otis & Jahr, 1998; . In other secondary transporters, Na + leaks are caused by uniporter activity (Eskandari et al., 1997) . Although it is not clear whether the cation leak of glutamate transporters may be caused by a channel activity, it is more likely that Na + is imported into the cell via a Na + /K + exchange mechanism of the transporter. Table 1 lists the major components of glutamate transporter-mediated currents.
Dissecting Electrogenic and Electroneutral Reaction Steps of the Transport Cycle
Secondary transporters are usually studied by uptake of radiolabeled substrate or voltage-clamp currentrecording measurements under steady-state conditions. However, under steady-state conditions the properties of the transporter are mainly determined by the rate-limiting reaction step in the transport cycle. Therefore, information about other, non-ratelimiting partial reaction steps of the transporter is not easily available from such measurements. In order to overcome this limitation, methods were developed that are based on rapidly perturbing the steady state and subsequently following the kinetics of the relaxation to a new steady state (pre-steady-state kinetics). One widely used method to perturb the steady state of a secondary transporter is to jump the transmembrane potential to a new value. A subsequent change of the population of states connected by voltage-sensitive reactions can then be monitored by measuring transient membrane currents (Loo et al., 1993; Mager et al., 1993; Forster et al., 1998; Lu & Hilgemann, 1999) . The principle of the method is illustrated in Fig. 4A . When such voltage jumps are applied to glutamate transporter-containing membranes, large capacitive transient currents are observed in the absence of the transported substrate, whereas in the presence of extracellular glutamate or non-transportable inhibitors, such as kainate, the transient currents are inhibited (Kanai et al., 1995; Wadiche et al., 1995b; Zhang et al., 1998; Mennerick et al., 1999; Watzke, Bamberg & Grewer, 2001 ). The simplest explanation for these observations is that an individual reaction step of the empty transporter with no glutamate bound is electrogenic, whereas reactions of the glutamate-bound transporter forms are electroneutral (Kanai et al., 1994 (Kanai et al., , 1995 . Because the magnitude of the voltage jump-induced transient currents is strongly dependent on the extracellular [Na + ], it was further proposed that the glutamateindependent electrogenic reaction is related to Na + binding to its extracellular binding site on the transporter (Wadiche et al., 1995b) . Detailed analysis of the voltage dependence of this Na + binding reaction permits the estimation of the total charge moved in this reaction step, which is about 40-45% of one unitary charge. Thus, electrogenic binding of Na + contributes only about 20% to the total electrogenicity of the glutamate transporter (inward movement of 2 positive charges). Therefore, other electrogenic partial reactions must exist. Na + binding is believed to be a source of electrogenicity not only in glutamate transporters, but also in other secondary transporters (Loo et al., 1993; Mager et al., 1993; Forster et al., 1998; Hilgemann & Lu, 1999; Lu & Hilgemann, 1999; Forlani et al., 2001; Mackenzie et al., 2003) and primary ion pumps (Holmgren et al., 2000; Lu et al., 1995) . The Na + binding reaction senses 30% of the electric field in the sugar transporter SGLT1 (Hazama, Loo & Wright, 1997) and 15% of the electric field in the phosphate transporter NaPi-2 (Forster et al., 1998; Murer et al., 2000) . Therefore, in analogy to the glutamate transporter, Na + binding represents only a fraction of the total charge moved during the transport cycle for these transporters. In contrast, Na + binding is the major electrogenic step in GABA transporters, where it contributes about 90% to the total electrogenicity (Mager et al., 1996; Eckstein-Ludwig, Fei & Schwarz, 1999; Loo et al., 2000; Lu & Hilgemann, 1999; Binda et al., 2002 ).
An alternative approach to determine the presteady-state kinetics of glutamate transporters is to rapidly apply glutamate to the transporter-containing membrane, thus perturbing the pre-existing steady state while keeping the membrane potential constant (Grewer et al., 2000 ). The subsequent relaxation to a new steady state in the presence of glutamate can then be measured by recording the transport current. As shown in Fig. 4B , glutamate concentration jumps applied to the transporter are followed by a large, but rapidly decaying inward transport current under inward transport conditions, indicating the existence of a rapid electrogenic process that is induced by glutamate binding to the transport protein ). The transient current consists of two components that decay with time constants about 10-fold different from each other, suggesting that two electrogenic reactions are involved. Which electrogenic reactions in the transport cycle generate these transient transport currents? First, Na + binding to the empty transporter can be ruled out since Kanai et al., 1995; Otis& Jahr, 1998; Sonders & Amara, 1996; Vandenberg et al., 1995; Wadiche & Kavanaugh, 1998) the currents decrease when the extracellular sodium concentration is lowered (in the presence of saturating glutamate concentrations). The opposite effect would be expected if rapid, electrogenic Na + binding to the transporter in the absence of glutamate would generate the current . Secondly, the transient component of the transport current is unaffected by the presence or absence of intracellular K + (Grewer et al., 2000) which is required for the relocation of the glutamate-free form of EAAC1 (Kanner & Bendahan, 1982) . In this relocation reaction the binding sites for glutamate and Na + ions are recycled from being exposed to the cytoplasm to face the extracellular side of the membrane. The lack of effect by K + suggests that K + -dependent individual reaction steps of the transporter do not contribute to the transient transport current. Third, glutamate binding can be ruled out since glutamate binds to the transporter in its negatively charged form, which would generate an outward current (Bendahan et al., 2000; Watzke et al., 2000) . Interestingly, the transient current does not rise instantaneously, suggesting that the electrogenic reaction is preceded by an electroneutral reaction step, which is, most likely, glutamate binding. This interpretation is in line with results from steady-state kinetic experiments that indicate voltage independence of the K m of the transporter for glutamate and non-transportable blockers (Wadiche et al., 1995b; Grewer et al., 2000) . Together, these results suggest that the glutamate-induced transient transport current is caused by electrogenic reactions of the fully loaded transporter and, possibly, by glutamate translocation.
To test this hypothesis, the glutamate concentration jumps can be applied to the transporter in the homoexchange transport mode (Fig. 4C ). In the homoexchange transport mode glutamate, as well as cotransported Na + ions, must be present on both sides of the membrane at saturating concentrations, whereas K + is absent. This leads to an exchange of glutamate across the membrane in the absence of net transport. Under these conditions, the population of the transporter states is limited to those states that are associated with glutamate translocation. Unexpectedly, the transient transport current is also present under homoexchange conditions ( Fig. 4C and ). Therefore, these results directly demonstrate that the electrogenicity is associated with individual reaction steps of the glutamate-bound forms of EAAC1. Similar to the forward transport mode, the transient transport current consists of two components, which is indicative of two electrogenic processes. Each of these two electrogenic processes contributes about 25-30% to the total transporter electrogenicity. Therefore, taken together with voltagedependent Na + binding, these glutamate-dependent electrogenic reactions can still not account for the total electrogenicity of the glutamate transporter leaving other voltage-dependent reactions to be identified. Although the results indicate that the glutamate translocation reaction may be electrogenic, it can not be ruled out that rapid intracellular Na + dissociation is the actual electrogenic step, which follows the slower, electroneutral glutamate translocation. This problem in interpretation arises because the affinity of the transporter for intracellular Na + is not known. Therefore, intracellular Na + dissociation may not have been prevented in the homoexchange experiments since the internal sodium binding site(s) may not have been saturated. In any case, the finding that reactions of the glutamate-dependent half cycle of the carrier are associated with electrogenicity is in contrast with the observation that electrogenicity of many other sodium-coupled transporters is restricted to reactions of the empty transporter or the sodiumbound form for the transporter that has not yet bound substrate (Loo et al., 1993; Mager et al., 1993; Forster et al., 1998; Hilgemann & Lu, 1999; Lu & Hilgemann, 1999; Forlani et al., 2001; Mackenzie et al., 2003) . Whether this difference in transport mechanism reflects a general difference between the glutamate transporters and other sodium-coupled transporters, or if other transporters also display electrogenicity associated with the substrate translocation half cycle, remains to be determined. Interestingly, it appears that the electrogenicity is distributed over many partial reactions of the glutamate transporter ). This interpretation is consistent with current models of the Na + /K + -ATPase, in which four partial reactions in the Albers-Post cycle were identified to be electrogenic (Bamberg, Clarke & Fendler, 2001 ).
Rate Limitation of Glutamate Transport and Voltage Dependence at Steady State
It was initially proposed by Hediger and colleagues in 1994 that glutamate translocation is the ratelimiting step in the transport cycle (Kanai et al., 1994) . In contrast to this proposal, recent evidence based on pre-steady-state kinetic experiments supports an interpretation in which the reaction steps associated with glutamate binding and translocation are rapid (Grewer et al., 2000; Auger & Attwell, 2000; Otis & Kavanaugh, 2000) . The time constants of these reactions are in the range of 1-8 ms, in contrast to the 30 ms cycle time of EAAC1 (Grewer et al., 2000) , indicating that these reactions do not limit steady-state turnover. One other possibility is that reactions of the potassium-dependent branch of the transport cycle are rate-limiting. This hypothesis can be tested by performing pre-steady-state experiments after reducing the intracellular [K + ] from its physiological value of 140 mM to 5 mM, which should dramatically slow any K + -dependent process. Such a reduction in the intracellular K + concentration results in a 10-fold reduction of the steady-state transport rate, whereas rate constants associated with the glutamate-dependent half-cycle of the transporter are virtually unaffected. Therefore, it now appears likely that the K + -induced relocation of the glutamate-free form of the transporter is mainly responsible for limiting the steadystate turnover rate (Grewer et al., 2000; Bergles, Tzingounis & Jahr, 2002; Larsson et al., 2004) . This interpretation is consistent with the fact that in the presence of intracellular Cs + instead of K + the steady-state transport current is reduced, whereas the pre-steady-state component of the current is not affected (Bergles et al., 2002) . Thus, Cs + can substitute for K + and slows the turnover by slowing the relocation reaction of the transporter.
The rate-limiting step in a transport cycle is generally the main determinant for the properties of the transporter at steady state. How is it then possible that the stationary transport rate is exponentially accelerated by negative membrane potentials (Arriza et al., 1994; Barbour, Brew & Attwell, 1988; Grewer et al., 2000) , when outward movement of the positively-charged K + ion should be inhibited by negative voltages? The answer to this question is most likely that the positive charge of the outward-moving K + in the relocation step is over-compensated by intrinsic negative charges of the transport protein that move across the electric field of the membrane in the same direction and in concert with K + . In this interpretation, the intrinsic charge of the transporter must be more negative than )1. It can be speculated that this negative charge serves to counterbalance the positive charge of cations bound to the transporter, and, therefore, increases their mobility within the membrane. Consistently, negatively charged cation binding sites have been postulated for other Na + -coupled secondary transporters (Loo et al., 1993; Murer et al., 2000) and cation pumps (MacLennan, Rice & Green, 1997; Toyoshima et al., 2000) Koenderink et al., 2003) . Thus, negatively charged cation binding sites appear to be a general feature of cation-transporting membrane proteins.
The charge compensation model discussed in the preceding paragraph predicts that the inwardly-directed current should be associated with the K + -induced relocation of the glutamate transporter. So far, this current has only been observed at steady state. However, it should be possible to isolate this current by performing pre-steady-state voltage jump experiments in the presence of K + on both sides of the membrane in order to lock the transporter in the K + -exchange mode. Such experiments have yet to be performed in order to obtain direct evidence for the charge-compensation mechanism.
Kinetics of Different Glutamate Transporter Subtypes and Splice Variants
Only limited information is available in the literature about the kinetics of the various glutamate transporter subtypes and splice variants. So far, pre-steady-state experiments have been carried out on the recombinantly expressed subtypes EAAT1, EAAT2 (GLT-1), EAAC1, the splice variant GLT1v, and some transporters natively expressed in neurons and astrocytes. From these data it appears that EAAT2 is the fastest of the three transporter subtypes. At physiological membrane potentials ()80 to )90 mV) the turnover rate of EAAT2 was estimated to be 100 s )1 Bergles et al., 2002) , which is about 1.5 times faster than the turnover rate determined for EAAC1 (Grewer et al., 2000) and 6 times faster than that determined for EAAT1 (Wadiche & Kavanaugh, 1998) under similar conditions. The decay of glutamate-induced pre-steadystate anion currents is also fastest for EAAT2 and occurs with a time constant of 1-1.5 ms (Bergles & Jahr, 1997 , 1998 Bergles et al., 2002; Otis & Kavanaugh, 2000) , whereas the time constants for EAAC1 have been determined to be 2.5 ms (Grewer et al., 2000; ) and 14 ms for EAAT1 (Wadiche & Kavanaugh, 1998) . A splice variant of GLT1, GLT1v (Fig. 2) , however, exhibits kinetics indistinguishable of those of GLT1, suggesting that alternate C-terminal splicing of GLT1 does not have significant effects on its glutamate transport properties ). This result is entirely consistent with the earlier work of Utsunomiya-Tate et al. (1997) and the subsequent data from Chen et al. (2002) . Instead of showing different functional properties, both proteins, GLT1 and GLT1v, exhibited distinct cellular and subcellular distribution patterns in retinal neurons as well as in brain astrocytes. Thus, the purpose of differential targeting of GLT-1 and GLT1v most likely is not to create different glutamate clearance properties in different CNS microdomains, such as in areas immediately around synapses, compared with areas distal to such. Instead, Sullivan et al. (2004) suggested that differential splicing and the subsequent differential targeting of GLT1 in distinct membrane domains may be a mechanism that facilitates independent regulation of the immediate perisynaptic glutamate level and the level of glutamate in the extracellular space in general.
To summarize, diverse glutamate transporter phenotypes are expressed in the CNS, including different subtypes and various splicing variants, a situation which might be reminiscent of that of structurally and functionally heterogeneous glutamate receptor expression in neuronal tissue (reviewed in: Nakanishi & Masu, 1994; Dev, Nakanishi & Henley, 2001; Perez-Otano & Ehlers, 2004) . Thus, different subtypes and splicing variants of glutamate transporters expressed specifically in different subsets of cells with differential subcellular distribution pattern might reflect different functional roles of glutamate transporters in the CNS: glial glutamate uptake for clearance of extracellular glutamate, neuronal reuptake of synaptically released glutamate, transporter-inherent feedback systems to control cell excitability, uptake for metabolic reasons, and lightdependent uptake in the retina might all require different transporter characteristics.
The Mechanism of Proton Transport by Glutamate Transporters
Inwardly-directed glutamate transport is accompanied by intracellular acidification (Zerangue & Kavanaugh, 1996b) . Several models were proposed to explain this acidification effect. It was proposed that either protons are co-transported together with glutamate (Erecinska et al., 1986; Zhang, Pines & Kanner, 1994) , or OH ) ions are counter-transported together with K + (Bouvier et al., 1992) . In a third model, it was suggested that H + is counter-exchanged with K + in the relocation reaction of the glutamate-free transporter, which should also result in net inward movement of protons (Auger & Attwell, 2000) . However, the latter model can not explain the presence of a modulatory effect of protons on the affinity of the transporter for glutamate in the absolute absence of potassium ions. Taken together, the recent data on EAAT proton transport support the model of proton co-transport. Specifically, the distinct kinetic isotope effect in the presence of D 2 O on the partial reactions linked to glutamate translocation is in agreement with the co-transport model, but it rules out a model in which OH ) is countertransported (Watzke et al., 2000) . Since the mass ratio between OH ) and OD ) is close to 1, a deuterium effect should not be observed if hydroxide is the transported species.
Since protons are the transported species, the question arises as to how they are co-transported with glutamate. It was initially proposed that glutamate is transported by EAATs in its acidic, protonated form (Zerangue & Kavanaugh, 1996b) , or that H + protonates the c-carboxylate of glutamate once it is bound to the transporter (Slotboom et al., 1999a) . In contrast to this interpretation, Kanner and collegues (Bendahan et al., 2000) found that glutamate transporters can be converted into transporters for neutral amino acids by replacing an arginine residue in position 446 (EAAC1 nomenclature) with cysteine.
This result strongly supports a model in which the c-carboxylate of glutamate associates with the guanidinium group of the arginine 446. This is only possible when the c-carboxylate is present in its negatively charged form. Furthermore, the structurally related neutral amino-acid transporters (ASCTs), which possess a cysteine in the homologous position, but not an arginine, transport acidic amino acids only when the pH is lowered (Vadgama & Christensen, 1984) . This suggests that in the absence of a positive charge in position 446 glutamate can not bind as the negatively charged species, but it can only bind as the uncharged zwitterion. Instead, proton co-transport is most likely mediated by protonation of a titratable group intrinsic to the glutamate transporter protein.
It has been recently suggested that a glutamate residue in position 373 (EAAC1) forms part of this protonation site. When glutamate (E373) was replaced by glutamine (E373Q) the mutant transporter was still able to operate in the homoexchange mode (Pines, Zhang & Kanner, 1995; Grewer et al., 2003) , indicating that negative charge on E373 is not required for the glutamate translocation reaction. However, glutamate transport by the E373Q mutant transporter was found to be insensitive to extracellular pH (Grewer et al., 2003) . Interestingly, ASCT1 and ASCT2 contain a glutamine residue in the comparable position (Q392 in ASCT2). In contrast to EAAC1, ASCT does not cotransport protons (Broer et al., 2000; Grewer et al., 2003) . Moreover, pH sensitivity could be engineered into ASCT2 by introducing the reverse mutation, Q392E (Grewer et al., 2003) . Together, these results suggest that E373 has to be protonated (neutral) to allow glutamate translocation. Another potential amino-acid residue to be involved in proton transport is the histidine 295 (EAAC1 nomenclature) (Zhang et al., 1994) , which is conserved among the EAAT family. Because of its pK a . value near the physiological pH range, histidine is generally thought to be a likely mediator of proton transport in general.
Glutamate Transporter-associated Anion Conductance
Glutamate transport is associated with an anion conductance. This anion conductance is activated by glutamate binding to the transporter. The anion conductance is not stoichiometrically coupled to the transport of glutamate, but it is activated by glutamate only under ionic conditions that also favor glutamate translocation (e.g., external sodium) (Picaud et al., 1995; Wadiche et al., 1995a; Eliasof & Jahr, 1996) . Hence, glutamate uptake can take place already in the absence of chloride ions, but no kinetically-coupled anion flux occurs without the activation of the glutamate transporter by substrate and ion binding (Wadiche et al., 1995a) . Thus, glutamate transporters have mixed characteristics that are, in part, carrier-like and, in part, similar to ligand-gated chloride channels. In analogy to ligand-gated ion channels it was proposed that anion permeation may occur through a pore formed in the center of the multimeric subunit complex . The anion conductance is selective for hydrophobic anions. The anion permeability follows the sequence P SCN) > P NO3) > P I) > P Br) > P Cl) > P F) >> P Gluconate) (Wadiche et al., 1995a; Wadiche & Kavanaugh, 1998; Melzer et al., 2003) .
The mechanism of anion permeation is not yet fully understood. Although activation of a secondary anion-conducting protein by the glutamate transporter can not be totally ruled out at present, substantial evidence supports the idea that the permeation pathway is an intrinsic part of the glutamate transporter protein. Initially, it was suggested that glutamate, once it is bound to the transporter, provides part of the permeation pathway for anions (Wadiche et al., 1995a) . However, recent findings do not favor this interpretation. First, it is possible to knock out transport by site-directed mutagenesis without affecting the properties of the anion conductance (Seal et al., 2001; Ryan & Vandenberg, 2002) . Second, the permeation properties of the anion conductance are altered by mutations in the TMD2-region of the transporters without affecting the rate of glutamate transport (Ryan, Mitrovic & Vandenberg, 2004) . Thus, it appears that glutamate and anions move through the transporter by taking different pathways that can be modulated independently of each other. Third, activation of the anion conductance is delayed with respect to glutamate binding to the transporter (Fig. 5A) , suggesting that glutamate binding alone is not sufficient to provide the anion permeation pathway . Glutamate binding, however, triggers the binding of Na + to the transporter and the Na + -bound form is anion conducting. Therefore, it appears that the anion conductance is not a glutamate-gated anion channel, but instead a sodium-gated anion channel ). This interpretation is supported by the finding that Na + binding to the transporter in the absence of glutamate can already activate a leak anion conducting pathway . A hypothetical model of the anion conductance activation is shown in Fig. 5B .
One possible physiological function of the anion conductance would be that the inwardly directed anion flux (at the resting potential of neurons) balances the inflow of positively charged sodium ions during glutamate inward transport (Fig. 3B) and, thus, keeps the membrane potential at a hyperpolarized level that favors Na + entry and glutamate uptake (Sonders & Amara, 1996; Arriza et al., 1997). In other words, the anion conductance keeps glutamate transport more electroneutral. A second physi-ological role might be related to a direct effect on synaptic signaling, as the glutamate-regulated chloride permeability can affect the excitability of the membrane. In fact, the size of the chloride conductance relative to transport capacity can vary dramatically between different transporter subtypes (Arriza et al., 1994 (Arriza et al., , 1997 Fairman et al., 1995) . For example, the glutamate-elicited current in EAAT5 is carried largely by chloride ions, in contrast to the rather small but measurable chloride conductance associated with GLAST1, GLT1 and EAAC1 activity. Comparing the uptake rate (the amount of transported glutamate molecules per minute) with the magnitude of the chloride conductance of each transporter subtype, the following reverse pattern arises: Uptake systems with a high transport rate, like GLT1, GLAST1 or EAAC1, usually show a relatively low chloride conductance, whereas the transport systems EAAT4 and EAAT5 with a low transport rate, or in particular the photoreceptor glutamate transporters, are associated with a high chloride conductance (Picaud et al., 1995; Larsson et al., 1996; Eliasof et al., 1998) . Thus, the glutamate transport rate is in a reversed relationship to the chloride conductance of the respective transporter subtypes, suggesting that GLT1, GLAST1 and EAAC1 act as classical glutamate uptake systems, while EAAT4, EAAT5 and especially the photoreceptor glutamate transporter behave like Na + /glutamate-gated chloride channels (inhibitory glutamate receptor).
General Mechanism for Glutamate Transport
The currently available data on glutamate transport are summarized in a kinetic mechanism shown in Fig. 6 ). This mechanism represents the minimum number of reaction steps necessary to describe the experimental observations. The mechanism incorporates sequential binding of Na + and glutamate to the transporter, where Na + binds in different reaction steps to both the glutamate-free and glutamate-bound conformations of the excitatory Fig. 5 . Mechanism of the anion conductance catalyzed by the glutamate transporter EAAC1 . (A) Transport and anion currents generated by EAAC1 after rapid application of glutamate at time 0. Currents were recorded in the absence (Transport current) and presence (Anion current) of intracellular SCN. Both current components show biphasic behavior with similar time constants of the two phases . The rapidly decaying phase of the transport current (left y-axis), which reflects Na + binding to the transporter , precedes the activation of the anion current (right y-axis). Although the experimentally measured anion current represents a sum of transport current and pure anion current, the transport component can be neglected because of its comparatively small magnitude. amino-acid transporters (in the study of Watzke et al., 2001, EAAC1 was used) . Glutamate translocation is possible only if the transporter is fully loaded with both glutamate and three sodium ions. Protonation of the transporter takes place before glutamate has bound. In the model, protonation is placed after binding of the first sodium ion to the transporter, according to Larsson et al. (2004) , although the precise sequence of Na + and H + binding is not yet known. Low pH increases the affinity of the transporter for Na + in the first sodium-binding step, and, thus, shifts the charge-voltage (Q-V) curve for electrogenic Na + binding to the right (Larsson et al., 2004) . This could be explained by proton binding either before or after Na + binding. Potassium ion transport occurs in steps separate from the glutamate translocation reaction, to be precise, in the relocation halfcycle of the transporter (Kanner & Bendahan, 1982) . Four conformational states of the glutamate transporter are included in the model. Three of these states have been directly observed by voltage-clamp fluorimetry (Larsson et al., 2004) . A fourth state was included because of kinetic evidence for a conformational change that is induced by glutamate binding, which precedes glutamate translocation . Most likely, even more conformational states will be identified in the future.
Voltage dependence is assigned to four individual reaction steps in the transport cycle, as marked by the shaded areas in Fig. 6 : Na + binding to the empty transporter, Na + binding to the glutamate-bound transporter, translocation of the fully loaded transporter form, and relocation of the K + -bound transporter. The sequence of dissociation of glutamate and Na + on the intracellular side is not yet known, so it is not specified in this mechanism. Only two of the three Na + binding reactions are shown in Fig. 6 , because it is unknown whether the third sodium ion binds to the transporter before or after glutamate. However, binding before glutamate appears to be preferred in recently proposed mechanisms (Bergles et al., 2002; Larsson et al., 2004) .
The anion conductance is assigned to states of the transporter that have either bound Na + , or are fully loaded with Na + and the neurotransmitter (Wadiche & Kavanaugh, 1998; Grewer et al., 2000; Otis & Kavanaugh, 2000) . In the model shown here, the anion-conducting states are only populated when the glutamate-binding site faces the extracellular side of the membrane. However, considerable evidence is available that some inwardly facing conformations are also anion conducting . Specifically, blockers of glutamate transport inhibit a leak anion current when applied to the intracellular side, suggesting that the glutamate-free transporter with the binding site facing the cytoplasm is also anion conducting.
Impact of Glutamate Transporters on Synaptic Glutamate Receptor Activation
The glial and neuronal localization of glutamate transporters at the synapse and the transport processes active during a synaptic event are schematically shown in Fig. 1 . Since it was first discovered that the amplitude and/or the decay time of excitatory postsynaptic currents (EPSCs) is increased after blocking synaptic glutamate transporters in some types of excitatory synapses, it is clear that the transporters must play a crucial role in the glutamatergic signal transmission process other than just maintaining the steady-state glutamate concentration in the extracellular space at a low level (Barbour et al., 1994; Mennerick & Zorumski, 1994; Tong & Jahr, 1994; Diamond & Jahr, 1997; Mennerick et al., 1999; Overstreet et al., 1999; Turecek & Trussell, 2000) . Although it is probable that the function of the (Kandel, Schwartz & Jessell, 1995) . Positive and negative charges of the transporter binding sites are indicated by the + and -signs, respectively. G = glutamate, N = Na
transporters is to shape the spatiotemporal profile of the glutamate concentration in the synaptic cleft, the exact physiological role of the glutamate transporters in synaptic transmission is still unclear. Recently, progress towards understanding this role was made mainly by being able to record evoked synaptic transport currents (Mennerick & Zorumski, 1994; Bergles & Jahr, 1997; Otis, Kavanaugh & Jahr, 1997; Diamond, Bergles & Jahr, 1998) in combination with the better understanding of the microscopic kinetics of the glutamate-transporter subtypes involved (Otis & Jahr, 1998; Wadiche & Kavanaugh, 1998; Grewer et al., 2000; Otis & Kavanaugh, 2000; . One hypothesis put forward suggests that the transporters affect the concentration of glutamate in the synaptic cleft by buffering glutamate through rapid binding to the large number of transporter binding sites present within the synaptic cleft (up to 10,000 per lm 2 ) (Tong & Jahr, 1994; Diamond & Jahr, 1997; Lehre & Danbolt, 1998) . Consistent with this hypothesis, binding of glutamate to the transporters has been shown to be rapid, occurring with a rate constant of 1-2 · 10 7 M )1 s )1 (Otis & Jahr, 1998; Wadiche & Kavanaugh, 1998; Grewer et al., 2000) . Therefore, glutamate will bind to the transporters at the synapse within 10-100 ls at typical released concentrations (approximately 1 mM; Clements et al., 1992) . This glutamate-buffering hypothesis solved the problem that steady-state glutamate transport was, by far, too slow to account for the experimentally observed rapid removal of glutamate from the synaptic cleft. However, it should be noted that turnover rates for glutamate transport have been typically determined at room temperature. Given the high temperature dependence of glutamate transport with a Q 10 of about 3 (Wadiche & Kavanaugh, 1998) compared to the weak temperature dependence of diffusion, removal of glutamate from the synapse by steady-state turnover of the transporters may be more favorable at the physiological temperature of 37°C.
A second, less well defined parameter important for the buffering hypothesis is the rate of glutamate dissociation from the transporter binding site. Together with the rate of translocation, this value determines whether free glutamate in the synaptic cleft is in rapid equilibrium with the transporterbound form or if it is permanently trapped by the transporter once it is bound. Pre-steady-state kinetic experiments indicate that glutamate dissociation from EAAC1 occurs with a time constant of about 500 ls (Grewer et al., 2000) , which is about 10-fold faster compared to glutamate translocation. Therefore, it appears likely that glutamate can bind to and dissociate from the transporter binding sites multiple times before it is either translocated across the membrane or diffuses out of the synaptic cleft. In terms of buffering properties, the transporters would be considered to be a rapid buffer, which is comparable to, for example, BAPTA, as a rapid buffer for calcium ions (Neher, 1998) . In contrast, EGTA, is a slow buffer for Ca 2+ because of its slow rates of binding to calcium and dissociation from calcium (Naraghi, 1997) . Analogous to calcium buffers, the glutamate transporters in the synapse are predicted to slow the diffusion of glutamate out of the synaptic cleft. Although a topic of debate (Barbour, 2001) , slowed glutamate diffusion is an interesting effect because it may lead to prolonged activation of synaptic glutamate receptors at low concentrations of glutamate (Rusakov & Kullmann, 1998a , 1998b . The temporal profile of the synaptic glutamate concentration in the presence and absence of glutamate transporters predicted by numerical simulations is shown in Fig. 7A . The presence of glutamate transporter binding sites at the synapse leads to a marked biphasic behavior in the decay profile. The fast phase is dominated by glutamate transporter-mediated glutamate buffering, whereas the slow phase is dominated by diffusion and glutamate trapping by the transporters.
In addition to the buffering kinetics, a second critical parameter defining the buffer properties is the concentration of the maximum buffering power, which depends on the K m of the buffer for its substrate. For glutamate transporters, this K m seems to be time dependent, as shown in Fig. 7B . Initially, glutamate binds to the transporters with relatively low intrinsic affinity (K d = 50-100 lM for EAAC1) (Bergles et al., 2002; Grewer et al., 2000) . As the glutamate:transporter complex moves along the transport pathway, binding becomes tighter with a final affinity of about 5 lM at steady state (EAAC1) (Grewer et al., 2000) . This reflects the trapping of glutamate by the transporter, as additional states following the initial glutamate:transporter complex are occupied. Thus, the buffering properties of the transporter are time dependent (Grewer et al., 2000) . Interestingly, the intrinsic K d of the transporters for glutamate is in-between the relatively high apparent K m for AMPA (DL-a-amino-3-hydroxy-5-methyl-4-isoxazole-4-propionic acid) receptors (0.5-5 mM) (Mosbacher et al., 1994; Hausser & Roth, 1997; Dingledine et al., 1999; Li, Oswald & Niu, 2003) and the low K m of the high-affinity NMDA (N-methyl-D-aspartic acid) receptors (1-5 lM) Laube et al., 1997; Anson et al., 1998) . Thus, rapid buffering of glutamate by the transporters may serve as a discriminating factor in shaping the temporal profile of the glutamate concentration such that the low-affinity AMPA receptors experience only a very short burst of glutamate concentration. This is in contrast to the high-affinity NMDA receptors, which are activated by a prolonged low glutamate concentration within the synaptic cleft ( Fig. 7A and B) .
Third, the effect of glutamate translocation has to be considered. Recent kinetic evidence indicates that glutamate translocation can be as rapid as 1-3 milliseconds in GLT1 (Otis & Kavanaugh, 2000) and EAAC1 (Grewer et al., 2000) . Thus, buffering may only play a role on very short, submillisecond time scales, whereas the transporters then rapidly remove glutamate from the synapse by translocation. Since the concentration of transporters at the synapse is sufficiently high to capture most of the released transmitter molecules, each transporter completes only one halfcycle during a synaptic event. Thus, a high turnover number is not necessary for glutamate transport because there is enough time in-between synaptic events to regenerate the transporter binding sites to be exposed to the extracellular side.
Concluding Remarks
This review has summarized data available in the literature on the kinetic and mechanistic properties of glutamate transporters. It is becoming clear that glutamate transporters are highly complex transmembrane proteins that move glutamate across membranes by a mechanism that we have only begun to understand. This complexity is exemplified by many studies on structure-function, kinetics, regulation, and physiological function of these transporters. The mechanism of transport, for example, consists of multiple reaction steps, of which at least four are electrogenic. These individual reaction steps occur on time scales ranging from 100 ls to 100 ms. The challenge for the future will be to determine the structural basis of this complex functional behavior. Although structure-function studies based on sitedirected mutagenesis will be invaluable in this respect, much will also depend on the determination of the three-dimensional structure of the transporter. Fortunately, high-resolution structures of secondary transporters are becoming available now (Abramson et al., 2003) , and a structure of a bacterial glutamate transporter was published recently (Yernool et al., 2004) , while this article was under review. Although this structure answers many questions regarding transmembrane topology, assembly of subunits, and arrangement of TMDs, a transport pathway for glutamate and the co-transported ions is not immediately obvious from the structure. Thus, more functional work will need to be done to obtain a clear picture of how glutamate is moved across the membrane. The structure, however, will serve as a The time dependence of the synaptic glutamate concentration in the presence (dashed line) or absence (solid line) of glutamate transport as calculated by numerical simulations using a formalism for diffusive initial value problems with radial symmetry as described in Smith (1965) with a diffusion coefficient for glutamate of 10 )6 cm 2 /s. The diameter of the synapse was assumed to be 0.5 lm. The glutamate transporter concentration was set to 1 mM and the concentration of released glutamate was 10 mM. The binding rate of the transporter was 2 · 10 7 M )1 s )1 and the dissociation rate 2000 s )1 . The translocation rate was set to 400 s )1 . Apparent K m values for AMPA receptors (0.5-5 mM) and NMDA receptors (1-5 lM) are indicated by grey boxes. The intrinsic K d value for EAATs of about 100 lM, which reflects the intrinsic affinity of the transporters for glutamate immediately after presynaptic release, is indicated by the dotted horizontal line. (B) The apparent K m values of the glutamate transporter subtype EAAC1 for glutamate are plotted as a function of time after glutamate release from the pre-synaptic cell (circles). The conformational states of EAAC1 corresponding to the respective point in time after glutamate release are shown on top of the data points. The apparent affinity for glutamate increases from 100 lM immediately after pre-synaptic glutamate release to 5 lM at steady state.
valuable scaffold for more specific site-directed mutagenesis to determine the transport pathway.
Complexity is also reflected by the large number of transporter subtypes and splice variants that have been identified, along with their differential expression in different cell types and subcellular structures. At present, it is not well understood why an organism would need such a variety of transport proteins for one substrate. Although the current understanding is that the various subtypes and splice variants are important for targeting of expression in different cell types, it will be also necessary to determine the possible differences in function and regulation of these subtypes. Thus, it is likely that glutamate transporters will remain an important target for future biophysical, cell-biological, and pharmacological research.
